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A lithium ion source using thermal emission from a fi-eucryptite structure has been
investigated as a possible control device for spacecraft charging. This source can be used
for control of positively charged spacecraft potentials in sunlight and differentially
charged spacecraft surfaces in shadow. This thesis investigates the emission character-
istics of lithium ion sources in conjunction with two kinds of electron sources and sim-
ulates spacecraft charge control. A 0.6" lithium ion source produced currents up to 33
1tA at a bias voltage of 100 V on the surface (strips) of the simulation body with ex-
traction potentials of 200 V to the screen. Differential charging simulations produced
currents up to 21 /AA on the rear strip of the simulation structure at a bias voltage of
250 V. A directly heated tungsten dispenser cathode and a filament-type electron source
were used to overcome space charge limiting effects (I oc VI). Space charge effects were
studied with a 0.25" lithium ion source in conjunction with the tungsten dispenser cath-
ode. The average increase in current was approximately 50 %. Larger increases were
found with the 0.6" lithium ion source, using the filament electron source. The greatest
effects occurred for low extraction voltages (<20V). A typical increase was 400 % at
10 V. The vacuum chamber system and geometries for the simulation and investigation
were very simple. However, we verified that the combined ion and electron sources
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Spacecraft :harging is the development of a potential difference between a
spacecraft and its plasma environment. Nonzero spacecraft potentiai have been noted
since the beginning of satellite flights. Large negative potentials (hundreds to thousands
of volts) were first observed on the ATS-5 (Applied Technology Satellite-5) in eclipse at
geosynchronous orbit. The majority of spacecraft charging events have been reported
on satellites in geosynchronous orbit. Subsequently, similar results have been observed
and investigated on the ATS-6 and SCATHA (Spacecraft Charging at High Altitude)
satellites. The largest potential observed to date was -19 kV on ATS-6 during eclipse,
but even in sunlight potentials as high as -2.2 kV have been observed. [Refs. 1, 2 , 31
Spacecraft charging is important because it has been associated with anomalous
satellite behavior, and even system failure. A satellite anomaly is an undesired event in
a satellite subsystem such as a spurious detector signal, or an unintended logic reset in
an electronic system [Ref. 4]. Anomalies or malfunctions and negative charging events
are strongly concentrated in the midnight to dawn local time sectors, as shown in Figure
1. Spacecraft charging and resulting discharges as the cause for the anomalies depend
on the degree of magnetospheric disturbance and local time. [Refs. 5, 6]
The basic spacecraft charging equation, in terms of the current densities (or number
fluxes) is
JE(V-{J( +JSE(V+JBSE()+JPH(V)+JB(V)+J ()+JRLC()}=J () (1)
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Figure 1. Occurrences of satellite operational anomalies: plotted as a function
of local time in the geostationary orbit. [Ref. 6]
where
V = satellite potential
J = ambient electron flux to a point on satellite surface
J, = ambient ion flux to a point on satellite surface
is, = secondary electron flux due to J,
i = secondary ion flux due to .J,
JESE = backscattered electrons due to JE
JP4, = photoelectron flux
2
J, = active current sources such as charged particle beams or ion thrusters
JRLC = resistive, capacitive, and inductive coupling currents between a point and ad-
joining surfaces
Jr = total current density
The spacecraft charging problem consists of two phases: (1) the determination of the J's
as functions of ambient conditions and potential, and (2) the determination of V so that
J = 0 at every point on the satellite surface in the case of a nonconducting satellite, or
for the entire satellite for a conducting satellite. As in any complex physical situation,
the solution of the Equation (1) can be carried out at different levels of sophistication.
[Ref 61
There are three main cases of charging on geosynchronous satellites. The first is
negative charging in eclipse. Typical values for spacecraft potential in eclipse are from
-1 to -10 kV. This results in current flows are shown in Figure 2(a). The remaining two
cases involve sunlight conditions. Figure 2(b) shows the situation in sunlight outside the
plasmasphere when photoemission is relatively important. An equilibrium potential is
achieved when the flow of escaping photoelectrons is equal to the difference between the
flows of plasma electrons and ions which reach the surface. In order to fulfill this con-
dition the potential of the surface must be positive and a significant fraction of the
emitted photoelectrons must return to the surface.
Considering further the case of a spacecraft in sunlight, Figure 3(a) illustrates the
situation of a body with a conductive and equipotential surface when photoemission is
dominant. On the shadowed side of the spacecraft plasma ion and electron currents are
the only contributers; on the sunlight side photoemission plays an important role. As
long as the total photoelectron current emitted on one side exceeds the difference be-
3
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Figure 2. Qualitative illustration of the charging: of a surface by a plasma. (a)
Surface in shadow. (b) Surface in sunlight. [Ref. 5]
tween plasma electron and ion currents collected on both sides, the satellite charges to
a positive potential. The magnitude of the charge is governed by the mean photoelectron
energy and corresponds to a potential of the order of few volts. Figure 3(b) represents
a satellite with an insulating surface(SiO2) in sunlight. The current exchange on the
sunlight side remains unchanged. For the shadowed side, however, the incoming
electron plasma current cannot be conducted across the surface to the front side and be
released by photoemission. So the dark side can adopt a negative potential. The mag-
nitude of the potential in the plasmasheet is a negative potential which can vary from












Figure 3. Schematic representation of particle flows: (a) A conductive surface.
(b) An insulator surface. [Ref. 5]
B. SPACECRAFT CHARGE CONTROL
It is desirable to control the charge on a satellite or satellite surfaces, because a
spacecraft will be generally charged positively in sunlight due to the emission of
photoelectrons. Hence, an ion emitter is capable of neutralizing the charge. Negative
satellite potentials that would require an electron emitter will occur during eclipses, in
the very dense plasmas of the near-perigee part of the orbit, and perhaps in very hot
5
plasmas during magnetospheric storms. Differential charging (negatively charged
dielectric surfaces) require a low energy ion or plasma source to be discharged.
The basic approach to the active control of spacecraft potential involves the emis-
sion of charges from the spacecraft sufficient to balance the excess of charge accumu-
lating on the vehicle from the environment. By providing a positive emission current on
the order of a few tens of tA, the spacecraft potential can thus be adjusted near to zero.
[Refs. 7, 81
This thesis work used a simulation for a satellite with charge control. This thesis
provides the emission characteristics of ion and electron sources for active charge control
of the spacecraft body potential (positively or differentially charged). Lithium ion
emitters developed by 0. Heinz and R. T. Reaves in 1968 and two kinds of electron
sources were used. The purpose of the electron sources was to study effects on space
charge limited current collection. Lithium ion emitters of 0.25 and 0.6 inch diameter
were used. A directly heated tungsten dispenser cathode of barium impregnated 31180,
particularly ordered and manufactured by Spcctra-Mat, Inc., was investigated. A fila-
ment type electron source was used to improve the characteristics of ion current from
lithium ion source. [Refs. 9, 10, 11]
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II. THEORY AND BACKGROUND
A. PLASMA CHARACTERISTICS IN GEOSYNCHRONOUS ORBIT
At or near geosynchronous orbit, a satellite is usually in the plasmasphere or plasma
sheet, two very different regimes. The plasmasphere lies closest to and corotates with
the earth. Its particle population is cold (average temperature - lep) and dense (10 to
1000 particles,cm3). The boundary of the plasmasphere is the plasmapause, beyond
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Figure 4. Schematic of the major magnetospheric plasma regimes: [Ref. 121
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Table 1. TYPICAL SPACE PLASMA ENVIRONMENTS.
Parameter Plasmasphere Plasma sheet Solar
wind
Plasma density, cm-3  10-103 1 6
Electron mean kinetic 1 1000 15
energy, eV
Ion mean kinetic energy, 1 6000 10
eV
Electron random current 0.25-25 0.85 0.62
density, pA m-
Ion random current 0.006-0.6 0.05 0.012
density, yA m- 2
Electron Debye 2.5-0.25 240 12
length, m
occur here. The boundary is not well defined and varies with local time and magnetic
activity. Outside the plasmasphere is the plasma sheet, which in general begins at dis-
tances of 3 to 7 RE (Earth Radii), characterized by a plasma which is hot (average tem-
perature is I to 10 keV) with very low plasma densities (0.1 to I cm-1). The plasma
regions encountered by most satellites and the approximate position of the plasmapause
are shown in Figure 4. [Refs. 13, 12]
Typical values for plasma parameters at different locations in space are given in
Table 1. In the vicinity of the geostationary orbit, the ambient charged particle popu-
lation originates from both the plasmasphere and the plasma sheet. In the sunward
hemisphere and during quiet time conditions the relatively cold plasma of the
plasmasphere is dominant. On the night-side, especially in a magnetically disturbed sit-
uation, the inner edge of the plasmasphere may cross the geostationary altitude and the
8
plasma environment becomes more energetic. The electron energy distributions which
characterize the magnetically quiet and disturbed environments in this orbit are illus-
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Figure 5. Electron spectra encountered at the geostationary orbit: during
quiet(crosses) and disturbed(circles) periods [Ref 51.
So far, only the geostationary orbit has been discussed because the most severe
environment is imposed by the plasma sheet and because many application satellites are
placed in this orbit. Magnetospheric and interplanetary plasma environments other than
the plasma sheet cause much smaller potentials, as shown in Table 2 [Ref. 5]; it is seen
9
Table 2. EXTREME POTENTIALS FOR SATELLITES IN DIFFERENT
PLASMA ENVIRONMENTS.
Environment Satellite in eclipse, Sunlit satellite with
or insulated surface conductive surfaces
in shadow V2 (V)
Plasmasphere (out to -2 + 2
- 5 RE)
Dayside magnetosphere -5 to - 100? + 10(- 5 to 1 0 RE)
Nightside
magnetosphere -20000 (1) + 30 (2)
(- 5 to - 15 RE)
D.ayside magnetosheath -200 + 5
(- 10 to - 15 RE)
Solar wind -20 + 10 (2)
(1) During magnetospheric storms.
(2) In a tenuous plasma (under average conditions, potentials are 1/3-1/2 Of these
values).
that a satellite with a conductive surface floats at relatively small positive potentials in
these environments. [Ref. 13]
B. HIGH VACUUM SPACE CHARGE
The application of a solid-state ion source results in a pure ion plasma. Current
extraction from such devices is largely determined by space-charge current limiting ef-
fects. These effects have been observed in practical devices such as vacuum tubes for
decades. [Ref. 14]
In a region where there is a concentration of ions of one sign. the geometric
electrostatic field is distorted at the anode and cathode principally. The physical situ-
ation is similar for either ion or electron transport. A rough physical picture of the
10
reason for the limitation of space current at low voltages electric fields may be obtained
by examining the forces acting upon a single electron as it passes from the emitter to the
plate of a two-electrode tube, or diode, as shown in Figure 6.





Figure 6. Diagrammatic illustration of space charge: [Ref. 14]
The cloud constitutes a negative space charge, which exerts a force on each electron
according to its position. An electron just emerging from the emitter is attracted toward
the plate by the electric field caused by the voltage applied between emitter and plate,
but is repelled back toward the emitter by the space charge. The potential distribution
for three cases including space-charge limited effect is shown in Figure 7. When the






Figure 7. Parallel-plate potential distribution: (A) no space charge; (B) space
charge, no initial velocity of electrons; (C) space charge, with initial ve-
locity of electrons. [Ref. I II
as many electrons are emitted, having no initial velocity, as can reach the anode, the field
at the cathode is zero (curve B). If an excess of electrons is being emitted, only electrons
having a certain minimum energy will be able to traverse the field of the electron space
charge and reach the anode (curve C).
The electron cloud is most dense near the emitter. It is evidently impossible for a
current to pass to the plate which is greater than that giving a space charge which just
12
neutralizes the force at the emitter due to the plate. This leads to a maximum value of
current known as the saturation current corresponding to each plate voltage. [Ref 14]
The space charge effect was studied for infinite plane-parallel electrodes in a vac-
uum, with one of the electrodes emitting electrons thermionically by Child in 1911. Space
charge effects were later independently derived and extended to a cylindrical geometry
by Langmuir The electron current density is
1 2e '2  (2)
where x is the seperation distance between plates, V is the potential at the point x,
m is the mass of the electron, and e is charge. This is known as the space-charge
equation, or Child's law.
It was shown that this law holds in a vacuum for any electrode configuration by
Langmuir and Compton in 1931. Thus, regardless of the electrode configuration,
j V3/2  (3)
For concentric cylinders with an emitter of radius r0 and a collector of radius r, the
space-charge equation is
j = 14.65 x 106 (4)
rp2
r
When the inner cylinder is the emitter, r. < r, the (/fi) curve is used. When the outer
13
cylinder is the emitter, r < r0, the curves (-fl)2 are used. Only the case of r0 < r is mean-
ingful for our purposes. The constant Pl221 for values of rl10ro or greater.
1.3 - -
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Figure 8. Geometric factor for space-charge equation for cylinders: [Ref 1II
This law has been verified by experiments over a wide range of conditions and is
true for any electrode, even a cold one, that permits electrons or ions to escape from it.
If an excess of electrons is being emitted, only electrons having a certain minimum en-
ergy will be able to traverse the field of the electron space charge and reach the anode.
The space-charge equation may be applied to ions as well as to electrons if the same
boundary conditions hold. For ions,
j = 2.33 x 10"' V/3/2(5
(1823.3M) 2x 2  (5)
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where M is the molecular weight of the ions, V is in volts, x is in centimeters, and j
is in amperes per square centimeter. This equation holds in the dark spaces of gas dis-
charges when conditions are such that the ions are not hindered in their motion by col-
lisions with the gas molecules, or in other words the equation holds for a region whose
length is of the order of an mean free path (m.f.p). [Ref. II]
Langmuir has discussed the possibility of increasing the space charge limited
electron current between two electrodes by injecting positive ions into the electron space
charge and thereby partially neutralizating its detrimental effect on electron extraction.
[Ref. 15]
In this thesis work we use the complementary idea of neutralizing a positive ion
space charge by injecting negative charges into the region between the current collecting
grid and ion emitter. This could lead to an increased ion current density for the
spacecraft charge control.
C. THERMIONIC ELECTRON EMISSION
Electrons may be emitted by surfaces at high temperature in a process, called
thermionic emission. Richardson derived an equation for thermionic emission of
electrons as a function of the temperature of the emitter. But, Richardson's theory was
incorrect because of discrepancies between the theory and certain experimental facts.
Dushman derived a form for the thermionic emission equation which rests on




J = the saturation current density (amp./cm2)
T = the absolute temperature of the emitter (OK)
b,= a constant of the emitting surface such that bok = Oe, where k is Boltzmann's
constant, e is the electronic charge, and 4) is known as the thermionic work function
which is the work in volts necessary to remove unit charge of electrons from the sur-
face.
A = a universal constant whose value is (2iremkllh3) = 60.2 amp.l(cmn)(deg'. where
m is the mass of the electron and h is Planck's constant.
Modern theory requires that this value be doubled to take account of the spin of
the electron. However, the constant A has the value of approximately 60 for most
metals. The theoretical value 120.4 should hold for pure surfaces of a single crystal face.
Values of the thermionic constants are given in Table 3. [Ref. 11
In spite of some uncertainties, the thermionic emission equation holds within the
accuracy with which the temperatures can be determined. As the voltage between a
thermionic cathode and anode is increased, the current to the anode increases according
to Child's law (Eq.2), the space charge equation; but at a certain value of anode voltage
the current should cease to increase for all thermionically emitted electrons are then be-
ing drawn to the anode. In other words the saturation current has been reached. It is this
saturation current which obeys the thermionic emission equation (Eq.6) for various
cathode temperatures. If the voltage is increased beyond the saturation value, it has been
found experimentally that the current will continue to increase. This effect was first
studied by Schottky and is often called the Schottky effect. For the effective work func-
tion of the cathode in the presence of an electric field in the thermionic emission
equation gives the Schottky equation:
J joe 4 .389 T (7)
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Table 3. ELECTRON EMISSION CONSTANTS.
A in amp./(sq. cm.)(deg.1); *o in volts; [ ] - uncertain; - = best out-
gassed value; bo in degrees Kelvin
#0 1 Boil- Effect of gas on .s
Mate- A , be ing
rial Therm- Photoelectric pot, Increase Decreae
ionic OC. Increase_
Ag 60.2 4.08 4.73-3.86 ...... 1950 H O, N. CN
4.56(600*)
A .... 3.57l2.5-3.61.. ..... 1800
A12.04 3.77 43........ 700.
Au 60.2 4.42 4.73 (740) ..... 2600 H+ Air
(10500) 4.82 (200)
BaO 2.5 3.44-1.66 .............. 19,700
Bi 4...4--4.0 ...... 1450 ........... Air
C 5.93 3.93 4.8214.71 48,600 4200 NHs, H,
CO. Air
Ca 60.2 3.02-2.24 [2.7] 26.000 1170
CaO 25.7 2.24 .............. 26,000
Cd ............ .......... [4.01 ...... 767
CdO 1.65 X 10'- 2.43
Co ............. ......... 4.25-4.12 3000
CotOs 2.17 X 10-2 4.06
Cu 65(1316) 4.38 4.5-4.1 ..... 2300
CuO 1.55 X 10- 1.76
Ca 162 1.81 1.9 21.000 670
Fe ...................... 4.72-4.2 ...... 3000 O, 11
Fe1O3 1.16 X 10 - 2 3.82
Hf 14.5 3.53 .............. 41,000
Hg ............ ......... 4.53 ...... 357 Wax vapor H:O
HtO vapor (trace)
K ...................... 2.25-1.70 ...... 760 H2, O,
HsO, S. NO
Li ...................... 2.9-2.1 ..... >1220
Mg........................[<3.41 ...... 1110
M " ' 1.1 X 10' .. ... 3.19 33,100
Mo 60.2 4.41-3.48 4.33-3.22 51,300 3700 HIO
Na ............ .......... 2.46-1.90 ...... SW 02, S. HtO
Ni 26.8 2.77 5.01-4.12 32,100 2900 RIO Air, Ut
NiO 0.1 X 10- 2  4.87
Pb ...................... [4.1-3.51 ..... 1620
Pd ............ 4.99 4.96 ...... 2200 H,. 0! 02
Pt 1.7 X 10' 6.27 6.3 X 4.40 72,500 4300 Ht, NH3 02
Rb ........................ 2.2-1.8 ...... 700
Rh ...... ...... 4.58 4.57(200) ....................... Hs, 02
SiOs 5.0 4.58
Sn:
,. ........... ......... 4 .5
7. ....................... 4.38
Liquid ...................... 4.21 ...... 2260
SrO 6.9 1.99 .............. 23,100
Ta 60.2 4.18-4.07 4.05(200) 47,200 ...... HsO
3.92 (700-)
Th 60.2 3.35 i3.6-3.3] 38,900
ThOr 0.016 2.94 .............. 34,700
W 60.2 4.52-4.40 4.80-4.52 52,400 5900 H1O 0
Zn . . ......... 3.68-3.32 ... 907
Zr 3304.13 .............. 51,000>62900
grlO 0.35 3.4 .............. 39.400
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wherej 0 is the thermionic emission when the field at the cathode is zero. E is an external
accelerating field in volts,lcm which is proportional to the applied voltage V for a given
electrode configuration. [Refs. 11, 14]
D. LITHIUM ION EMISSION
Certain materials when present as impurities on the surface of a heated metallic
filament can be evaporated as positive ions. For this phenomenon to take place the work
function of the surface must exceed the ionization potential of the atom that is to be
evaporated as an ion. [Ref. 11]
J. P. Blewett and E. J. Jones were among the first to recognize the excellent ion-
emission properties offl-eucryptite and in fact hypothesized that in the crystal lattice the
lithium ions are situated in large "holes" . An alkali ion is therefore comparatively free
to migrate within the lattice, and with the aid of small electrolytic potentials which are
bound to be present, it migrates to the surface and is emitted easily as indicated by the
low work function. The work function for ions determined by F. M Johnson on a large
number of samples of sintered fl-eucryptite were all in the neighborhood of 2.0 eV in
contrast to 2.7 - 4.0 eV as determined by Blewett and Jones. [Refs. 16, 20]
F. M. Johnson studied ion emission by means of simple diode structures with an
emitter collector spacing of about 1 millimeter. The ion emission data could be fitted to
a Schottky-type equation:
19 V )112
loglol s = logJolso + 1.9 V )1/ (8)T1  d
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where V is measured in volts, d in centimeters, I,. is the saturated ion current at zero
biased voltage, and 7, is the apparent Schottky temperature. The second term in
Equation (8) arises from the fact that an ion includes an image charge in the material
as it leaves the surface and hence modifies the potential distribution immediately outside
the material. The values of Schottky temperature, T, , range from 210 to 430 *K de-
pending on the emitter temperature, whereas the actual temperature of the ion emitter
was in the 1300 to 1600 *K range. Figure 9 shows the I-V diode characteristics for a
sample which had 50 % lithium composition, 50 % inert materials. [Ref. 16]
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Figure 9. Typical diode characteristics of current vs. voltage: [Ref. 16]
The ion emission data in the high voltage region and 1300 to 1600 °K temperature
range may be fitted to the following equation, for a 50 % lithium sample:
log01 =logos + 1.9 V(9
• l~l°I*= lgl°I° +1375 - 0.726T ( 7(9)
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In the low-voltage region, the lithium ion emission should be space charge limited,
which implies that the ion current is governed by the Child-Langmuir equation (Eq.5).
The equation is the appropriate form for calculating the space charge limited current for
the lithium ion source used in this experiments. A typical graph of PI3 vs. V is sh6wn
in Figure 10.
In the space-charge limited region, the experimental points are expected to lie on
the theoretical curve, which is drawn as a dashed line in Figure 10 and marked
"perveance" line. The derivations from the straight line are interpreted as being due to
the resistance of the thermionic emitter. The ion current is then given by
I = P(V- IR)12  (10)
where P is the perveance of the diode, i.e.,
P=2.33x 10 - M
d (11)
V is the plate voltage, S is the emitting area in crr, d is the electrode spacing in
centimeters, m/M is the ratio of the electron mass to the ion mass, and R is the initial
resistance of the ion emitter. IRefs. 11, 16]
E. HISTORY OF ACTIVE EXPERIMENTS
Active spacecraft charge control encompasses the use of a wide range of charged
particle emitters, including electron, ion and plasma emitters. But, the history of flight
experiments in charge control is brief. Sounding rockets experiments with electron
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Figure 10. Typical plot of I vs. V for a lithium emitter: The perveance line ap-
plies to the Child-Langmuir equation. [Ref. 16]
ating artificial aurora. These sounding rocket experiments were interpreted as being
successful in coupling currents of several hundred miliamperes to the ambient, with rel-
atively low potentials resulting.
Satellite charge control at high altitude has primarily been demonstrated in exper-
iments on ATS-5, ATS-6, and SCATHA (P 78-2).
21
1. Electron Sources
ATS-5 carried filament electron sources as part of an ion engine experiment.
The ion engines were small cesium thrusters with filament neutralizers. The filaments,
illustrated in Figure 11, can be seen near the outer edge of the thruster. The filament
neutralizer was used as an electron emitter at microampere current levels at
geosynchronous orbit. The electron emitter was operated hundreds of times over 4-year
period, primarily during eclipses. These operations succeeded in reducing the magnitude
of the negative eclipse charging potentials on an satellite, but rarely discharged the
spacecraft completely, as shown in Figure 12.
Modeling of the current balance to the spacecraft showed that less than 1 %
of the emitted current was escaping the spacecraft at equilibrium. Three-dimensional
modeling of the potentials and currents with NASA Charging Analyzer Program
(NASCAP) showed the development of differential potentials on the order of 100 V to
be developed on the spacecraft surfaces, limiting the emission of the filament. The limi-
tation was sufficient to explain the equilibrium potentials seen and would apply to most
spacecraft with insulating surfaces.
The experience obtained with ATS-5 data and modeling were directly applicable
to the data obtained from the electron gun experiments on the SCATHA satellite with
a more powerful electron source. The SCATHA satellite generally was similar to ATS-5,
i.e., cylindrical, and dominated by insulating surfaces. The electron emitter was consid-
erably more sophiscated, however. The experimental results from SCATHA were similar
to the ATS-5 results qualitatively. Electron enission initially caused to satellite potential
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ing. The satellite did not necessarily discharge any further with increasing current and
voltage. Those operations confirmed the need to provide a means of discharging the
dielectric surfaces, since increasing the electron gun accelerating voltage will only in-
crease the magnitude of the differential potentials on the spacecraft surface. [Ref. 17]
2. Plasma Sources
An ion engine is a device which combines an ion beam with a charge and cur-
rent balancing electron source. ATS-6 carries two ion trusters of the type illustrated in
Figure 13. Two grids are used to extract and accelerate the plasma. Neutralizing
electrons are supplied by a plasma bridge neutralizer which generates its own cesium
plasma at the plasma probe potential. This plasma provides the necessary electrons to
the ion beam. The neutralizer is the main link between the engine, beam, and the
spacecraft mainframe. Operation of the ATS-6 engines and plasma bridge neutralizer
had major effects on the spacecraft potential with respect to the ambient plasma as well
as on the differential potentials on the spacecraft surface.
The ion engine operations on ATS-6 altered the charge state of the spacecraft,
charging the spacecraft surface potentials with respect to the distant plasmas. Plasma
emission in quiet environments (plasma temperatures below 1 keV) caused the spacecraft
potential to shift from a few volts positive to a few volts negative. A net ion current is
emitted in such cases. The emission of the plasma or beam in energetic environments
(plasma temperatures in the 5-10 keV range) in sunlight caused larger changes. Typical
equilibrium potentials for ATS-6 in such environments. were on the order of a hundred
volts negative, with variations in potential across the spacecraft surface of comparable
magnitude. Engine operations under such conditions raised the mainframe potential to
25
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Figure 13. ATS-6 ion engine with hollow cathode neutralizer: [Ref. 18]
near zero volts, and discharged the differential potentials on the dielectric surfaces.
Plasma emission by the plasma bridge was an effective method of discharging kilovolts
potentials in eclipse. Figure 14 shows the plasma bridge operation for eclipse discharg-
ing. Based on the analysis, it is believed that a low energy plasma discharge provides an
effective means for controlling spacecraft potentials. [Refs. 17, 18, 19]
The success of plasma sources in controlling satellite charging have led to their
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will be flown on the NASA POLAR satellite, to be launched in 1993. The problem with
this technology is that it is heavy (10-20 Kg payload weight), uses large amounts of
power (10-20 W), and is electromagnetically noisy. These problems motivate a continued
effort to find alternate forms of charge control technology.
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Ill. LITHIUM ION AND ELECTRON SOURCES
A. LITHIUM ION SOURCE
1. Introduction
In 1936; J. P. Blewett and E. J. Jones studied the emission of the lithium sources
as a function of composition, and they reported the fi-eucryptite Li20:Al2O3:2SiO2 is the
most satisfactory ion emitter as a filament sources of positive ions. When heated to
temperatures in the range 1000-1300°C, lithium ions are emitted. [Refs. 16, 20]
The lithium ion emitters which used in our experiment were developed by Otto
Heinz and R. T. Reaves in 1968. The ion emitters are particularly suited for iow energy
experiments (E<100e Vl) where ion beams with small energy spreads are essential. [Ref.
9]
2. Structure of Beta-eucryptite
Beta-eucryptite is a ceramic material (Aluminosilicate) in which lithium is
stored. The crystal structure, shown in Figure 15, is similar to a high-temperature quartz
structure, yet differs from it in that half of the silicon atoms are repiaced by aluminum
atoms in alternate layers along the c-axis.
The lithium ions are in the interstitial space on the level where the substitution
takes place, surrounded by four oxygen atoms. This arrangement has a very satisfactory
Pauling electrostatic bond structure. The oxygens surrounding the Li are shared by one
Si and one Al, so that they receive electrostatic bonds of strength 1 -- from this4
source. The tetrahedrally coordinated Li atoms contribute the remaining -i-.
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Figure 15. Crystal structure of •-eucryptite viewed along c axs: Large spheres
represent oxygen atoms, small spheres either Si or Al atoms. The
lithium ions are situated in center opening. [Ref. 161
Beta-eucryptite is extremely anisotropic in thermal expansion, with coefficients
of th,-'rmal expansion in the a and c crystallographic directions of + 82 x 10-7 and
- 176 x 10-1 per *C, respectively. The net effect of this anisotropic expansion is to en-
large the openings of the crystal lattice in which the lithium ions are situated. This is the
reason why lithium ions are readily emitted from this type of crystal structure if the
material is sufficiently heated. [Ref. 16]
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3. Construction of Lithium Ion Emitter
Figure 16 shows the emitter consisting of an indirectly heated, highly porous,
tungsten plug into which the emitter material has been fused. The molybdenum body
holding the plug is machined with a solid partition for complete isolation between the
emitter and the heater cavity. The three rhenium support struts are brazed at a 1200
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Figure 16. Construction of ithium ion emitter. [Ref. 21]
versatile mounting tripod. The heater is a noninductively wound bifilar coil with heliarc
welded rhenium leads solidly potted into the body cavity. The high purity A1203 potting
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mix is 112 fired at 1900°C which completely immobilizes the heater. The emitter matrix,
a specially prepared, extremely porous, tungsten disc with a density of 30% (70%
porosity) is heliarc welded to the moly body. The fl-eucryptite powder is placed on the
face in controlled amounts and melted into the porous disc at approximately 1650°C in
a hydrogen atmosphere. The lifetime of this 6Li ion emitter was about 200 h. [Ref. 9]
4. Ion Emission Characteristics
The observed total emission current as a function of emitter power and emitter
surface temperature (as measured with an optical pyrometer) for a 0.6 inch diameter
source is shown in Figure 17. Although the currents are small they are more than ade-
quate for most low energy beam experiments where space charge limitations usually re-
strict the beam to lower values than those shown in Figure 17. A mass analysis of the
beam indicates that there are small amounts of other alkali ions present (- 1%) when the
emitter is first fired up, but that after a few hours of running the impurities decrease to
about 0.01% resulting in a lithium ion beam of very high purity [Ref. 9]. The impurity
fraction of the ion beam decreases as the temperature of the ion emitter material in-
creases. At high pulse voltages, the emitted ion current exhibits the Schottky effect; that
is, increasing ion current with increasing extraction voltage. While the exact ratio of ions
to neutral atoms emitted is not known, it appears that ions dominate by a very large
factor. Negative ion and primary electron emission are not normally observed. Current
densities of 1-10 mA/cm are achieved at operating temperatures between 950"C and
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Figure 17. Total emission current as a function of power and temperature: Insert
shows experimental arrangement. [Ref. 9]
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5. Other Designs for Low Energy Ion Beams
0. Heinz, D. C. Lorents, and G. Black presented results of a measurement of
the absolute charge transfer cross section for the reaction between Li ions and Li at-
oms for incident ion energies from 14 to 1000 eV. They used the lithium ion source to
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Figure 18. Lithium ion source for charge transfer. [Ref. 22]
of the emitter and accelerating electrodes mounted on a Lavite holder designed to pro-
vide adjustment of the source parameters. The dimensions of the emitter surface are
1.5 x lcm. A tungsten wire grid spot-welded to the boat assisted adhesion of the coating
and served to maintain the fl-eucryptite surface at the same potential and temperature
as the boat. [Ref. 22]
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Figure 19. Cross section of the lithium capillary ion source: (1) Capillary tube,
(2) lithium reservoir, (3) electron reflector, (4) hot tungsten filament, (5)
cold filament, (6) ectractor, (7) collector. [Ref. 23)
M. Remy and R. Haug constructed a capillary ion source using surface
ionization of lithium on rhenium in 1969. Figure 19 shows the cross section of the
lithium capillary ion source device. The utilization of surface ionization for the pro-
duction of lithium ions has some advantages. The life of the ion source is limited only
by the capacity of the lithium reservoir. The temperature of the lithium reservoir can
be increased using a heat reflector around the reservoir. A current of 400 pA was ob-
tained with the 0.5 g capacity lithium reservoir for 300 h, and 100 AA was obtained for
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Figure 20. Schematic representation of the ion source configuration: used to
generate lithium and sodium ions. [Ref. 24]
Howard L. Daley and J. Perel developed an ion source which used direct sur-
face ionization from oxygenated tungsten to generate lithium or sodium ions with high
efficiencies, as shown in Figure 20. The theoretical efficiency of the source depends upon
the difference between the work function (0,,) of the surface and the ionization potential
(0,) of the desired species. When 40, is > 0 + 0.5eV, the surface ionization process is very
efficient. The measured efficiencies are more than 70% for both Li and Na using this
type source. This is much greater than that of the capillary ion source (< 5 %) developed
by M. Remy and R. Haug in 1969. [Ref. 24]
R. K. Feeney and William E. Sayle used a varity of aluminosilicate sources of
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Figure 21. Typical current densities obtained from the various emitters: as a
function of temperature. [Ref. 25]
emitters have been observed to be the aluminosilicates. Figure 21 shows the typical total
current densities obtained from the 6 emitters as a function of temperature for an ex-
traction electric field of 500 V/cm. This shows that the various aluminosilicate-type ion
emitters did not give equal emission currents for the same conditions. Emitters produc-
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ing colimated beams of Li, Na*, K , and T* ions operated for about one month. The
failure of a filament can terminate the emission earlier than original life time. [Ref. 25]
Table 4. SUMMARY OF DESIGNS FOR LOW ENERGY ION BEAM EX-
PERIMENTS.
Ions Techniques Currents Advantages/Disadvantages
Ion density Low Energy spread (< 3 %).Li- Crossed-beam 1O11atoms/cm3  High density collimated beams.
Slow ions collected.
Limited lifetime with reservoir
Li+ Capillary surface 100 AA, 400 AA capacity. Low ionization effi-ionization ciency ( < 5 %).
Direct surface Several hundred High efficiency (> 70 %).
Li-, Na- ionization ILA to several mA Accel-decel electrode system used
to overcome space-charge effects.
Obtained various emission cur-
Va+, K- Aluminosilicate Several hundred rents. Low Li , T + current ob-LiA, T l osce A (see Figure tained. Emitter lifetime
Cs-, Rb- 21) terminated by failure of Pt-Rh
gauze filament.
Table 4 shows a summary of other designs for low energy ion beam experiments
which containing icns observed, techniques, currents obtained, and remarkable results.
6. Applications of the Spectra-Mat. Design
The design to be used in the work has been utilized by others, primarily to
produce atomic,ionic beams.
In certain applications the linear arrangement of ion source and charge ex-
change chamber in standard charge exchange sources for neutral atomic beams leads to
undesirable stray light. To avoid this problem a modified design was developed by S.
Kita er al., in 1980. In order to prolong its lifetime the emitter surface of 15 mm diam-
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eter was masked by a cover which had an opening of 3 mm diameter, made of 0.1 mm
tantalum sheet. [Ref. 26]
In 1981, G. Conforti et aL., developed a low energy (25-500 eV) alkali ion gun
for use in collision experiments using the same lithium ion source. Using the Li -ion
emitter, currents up to 10-1 A at 500 eV ion energy were obtained. [Ref. 27]
D. M. Thomas and W. P. West used a lithium ion emitter for plasma diagnos-
tics. They needed an ion beam of 2-3 times higher intensity than the parent emitter for
the diagnostic systems. With enlarged 15 cm2 of emitter area, they could get a lithium
ion emission current of 20 mA. [Ref. 28]
These applications illustrate the wide range of physical application for which
this lithium ion source design has been used. The work designated here is intended to
extend these applications in space physics.
B. ELECTRON SOURCE
I. Introduction
Two types of electron sources are applied in this thesis work. The first is a
dispenser cathode. The first stage in the development of the modern dispenser cathode
was the transition from an oxide coating on nickel to (BaSr)CO3 in a cavity behind a
porous tungsten plug. This new cathode was termed the 'L' cathode and its development
was attributed to Philips Research Laboratories in Holland around 1950. The structure
is shown in Figure 22. A porous tungsten disc is attached in a vapour-tight manner to
a molybdenum support sleeve. Behind the tungsten disc is an enclosure containing a
charge of (BaSr)CO3. Behind this enclosure is an ordinary alumina-insulated heater. The






Figure 22. Diagram of L-cathode: [Ref. 29]
advantages. It proved difficult to make a barium vapour leak-tight seal between the
porous tungsten emitter and the molybdenum support body. Obtaining uniform cath-
odes temperatures was difficult because there is little heat transfer through the cavity
containing the emissive mix to the porous tungsten plug. Further, it was found that
outgassing and activation processing had to be carried out in a narrow temperature
range for good emission.
Between 1964 and 1968, R. J. Bondley and M. J. Slivka developed techniques
to produce a tungsten matrix dispenser cathode capable of 8 A/cm2 while operating at
1000*C in a close-packed diode. This event represented an advance in the state of the
art for high current density emitters. [Ref. 30]
40
A tungsten dispenser cathode is a thermionic electron emitter used in gas and
vacuum tubes. In 1969, R. T. Reaves and S. M. Jarrett found that a directly heated,
barium impregnated, tungsten dispenser cathode is an excellent choice for a thermionic
cathode in an ion laser plasma tube and in other experimental tubes. One reason is that
cathode activation is easily performed. A situation often encountered in evaluating new
tube structures is the poisoning of the cathode due to outgassing of tube parts. Here the
ability to reactivate is important for efficient experimentation. In addition, tube failure
in operation of experimental devices need not require cathode replacement. [Refs. 31,
29]
We used the tungsten dispenser cathode as an electron emitter which was de-
signed for this wor, and manufactured by Spectra-Mat, Inc.. We will discribe the design
and fabrication of the directly heated tungsten dispenser cathode, and we will discuss
newly designed electror, emitter for this experiment.
2. Directly Heated Tungsten Dispenser Cathodes
A tungsten-base dispenser cathode is basically porous tungsten impregnated
with an emissive material. The porous tungsten matrix acts as a reservoir from which
the emitting material can diffuse to the surface, maintain an active layer and, conse-
quently, provide a low work-function surface for the thermionic emission of electrons
[Ref. 30]. When heated, the material diffuses to the surface forming a low work function
emitter (1.7 eV approximately). These cathodes are normally operated between 950°C
and 1200°C (surface brightness values) depending upon the emissive current required
and environmental conditions. [Ref. 311
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The emission current capability of the tungsten dispenser cathode is dependent
on several variables: (1) emitter temperature, (2) work function of emitting surface, (3)
tungsten-matrix pore size, (4) pore density (pores per unit surface area), (5) uniformity
of pores. Reliable electron current over a long period of time is a function of the equi-
librium established between the rate of arrival of barium at the emitting surface and the
rate of evaporation of barium from the emitting surface. The barium is produced in the
pores of the tungsten matrix by the reaction of the impregnant and the tungsten. [Ref
30]
Examples of a directly heated cathode are shown in Figure 23. Life expectancy
of these cathodes exceeds 10,000 hours in vacuum tubes. Total emitting current can be
calculated by the multiplication of current density, emitting surface area per turn, and
the number of turns.
3. Fabrication
The directly heated cathode fabrication starts by blending high purity tungsten
powders with particles in the I to 15 Am range. Exact particle size and distribution is
of importance in maintaining a final interconnecting, open pore structure while opti-
mizing physical strength in the 80% of theoretical density range. Table 5 [Ref. 30] lists
the important characteristics of tungsten powder used for dispenser cathode fabrication.
Figure 24 shows a 5000x SEM of typical tungsten powder.
The powder is sealed in plastic or rubber molds and isostatically pressed at
20,000 psi. The resulting pellet will possess a density of approximately 60% (11.6
glcm3). Subsequent hydrogen sintering at 2500°C for 30 minutes will raise the density
to 80%. The next step is machining the sintered pellet to the helical form. The sintered
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Figure 23. Examples of directly heated tungsten dispenser cathodes: [Ref. 31]
pellet must first be infiltrated with an inert plastic filler. This is done to aid in machining
and to maintain an open pore structure. Table 6 [Ref. 30] lists the important parameters
of porous tungsten made from the powder characteristerized in Table 5.
Rhenium has been selected for the lead material because of its compatibility
with the cathode and its conformance with some critical design parameters. Other lead
materials such as molybdenum may be used as well for less critical assembly procedures.
The impregnant is made by convening a mixture of BaCO3, CaCO, and A1203 to
3BaO CaO , A120 3. The CO2 is driven off during air fuing and the resulting oxide com-
posite melted into the porous tungsten matrix at 1700°C in a hydrogen atmosphere. The
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Figure 24. Tungsten powder, 5000 magnification: [Ref 30]
impregnated cathode needs to be protected from long periods of atmospheric exposure
as the barium, calcium, aluminate is quite hydroscopic. It will readily absorb moisture
resulting in a volume expansion and an exuding of the impregnant from the pores of the
tungst.:n body. This blooming can be easily brushed away should it occur. The only
negative effect caused by blooming will be an initial gas burst larger than normal during
the first cathode heating. The cathode is protectively packed in either individual vacuum
glass vials or in an argon atmosphere. [Refs. 31, 301
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Table 5. TUNGSTEN POWDER CHARACTERISTICS.
Type hydrogen-reduced tungstic acid
Particle size Fisher subsieve - average between 6.0 um and 8.0 Mm
photelometer - average between 7.0 Am and 9.0 Mm




Element impurities Element impurities
ppm ppm
Al 10 Mn 10
C 10 Mo 200
Ca 10 Ni 40
Co 10 02 1000
Cr 30 Pb 10
Cu 10 Si 10
Fe 50 Sn 10
Mg 10 Ti 20
Table 6. HYDROGEN SINTERED TUNGSTEN: TYPICAL CHARACTER-
ISTICS.
Density (15.44 ± 0.39) g/cm 3 (or 80% ± 2% of the
theoretical density of tungsten)
Average pore diameter 3 pm (maximum)
Pore diameter range 1-7 Mm
Mean pore area (16 ± 8) ,m 2
Pore density 8 000-36 000 pores per mm2
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4. Newly Designed Electron Source
Porous tungsten with a formula of barium oxide dispersed throughout thv' ma-
trix is the essential form of the dispenser cathodes. Figure 25 shows a diagram of the
tungsten dispenser cathode which has been designed as an electron source for this ex-
periment.
Table 7. BARIUM-CALCIUM-ALUMINATE IMPREGNANT COMPOSI-
TION.
BaO CaO A12 0 3
Molar ratio 4 1 1
Molar weight % 79.5 7.3 13.2
Molar ratio 3 1 1 
Molar weight % 74.4 9.1 16.5
Molar ratio 5 3 2
Molar weight % 67.3 14.8 17.9
This is a directly heated, barium impregnated, standard '31180' tungsten
dispenser cathode which is manufactured by Spectra-Mat, Inc.. The designation of the
model '31180' contains two implicit meanings, '80' represents the density of porous
tungsten matrix by volume ratio to pores, and '311' stands for the molar ratio of the
barium-oxide to calcium-oxide and aluminum-oxide which is mixture as an impregnant
material seen in Table 7.
Pure molybdenum leads are welded to the terminal ends to form a ductile
mounting support. To insure optimum performance, cathodes should not be exposed
to atmospheric conditions even though it does not interact strongly with atmosphere.




Figure 25. 31180 tungsten dispenser cathode: manufactured by Spectra-Mat,
Inc..
Figure 26 shows the emission characteristics of several tungsten dispenser
cathodes involving the standard model '31180'. It compares the zero-field emission of the
M family (improved version) of cathodes to that of the family of barium calcium
aluminate impregnated tungsten dispenser cathodes. [Refs. 30, 31, 32]
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Figure 26. Emission of various tungsten dispenser cathodes: [Ref. 32]
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IV. EXPERIMENTAL EQUIPMENT
The experimental equipment consists of Varian vacuum system producing high
vacuum in a chamber, power supplies for the source heater, and measuring instrumen-
tations. The ion-and electron sources are installed with device properly designed, to be








Figure 27. Varian vacuum system
Figure 27 shows the major parts of the Varian vacuum ystem. This system consists
of two pumps and bell jar vacuum chamber. A Rotary Vane Oil-Sealed Mechanical
Pump is used to produce rough pumping; pressure range 760 torr to 10- 1 torr (760 torr
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1 atm.). A Turbomolecular pump (V 1000) is used for high vacuum pumping; pres-
sure range 10-1 to 10-' torr.
The required minimum pressure for the experiment is approximately 10-' torr,
which can be considered as a high vacuum condition. The pressure is strongly related to
the cleanliness of the installations in the chamber. The pressure tended to increase when
the sources were heated, apparently due to outgassing from the sources.
The operating procedure for the system is important because two pumps should be
started properly. In order to start this experiment, the bell jar should be evacuated to the
order of 10-6 torr. It usually takes several hours to reach the desired pressure range of
the vacuum chamber, and up to 24 hours pumping to assure complete outgassing. When
the source and device have been exposed to atmosphere, it is desirable to allow vacuum
system to pump down at least overnight before attempting to heat the source.
We used a dessicator to keep the lithium ion and electron sources temporarily out-
side the chamber. It helps to conserve the sources from interaction with atmosphere. A
simple mechanical pump used to make a partial vacuum for the dessicator.
B. VACUUM CHAMBER
A copper mesh is mounted just inside of the bell jar, which takes the important role
of plasma sheath in the laboratory space. There are several electrical feedthrough for
permitting the electrical lines and apparatus to measure the physical properties in the
chamber. There is a window through the metal covering protector which surrounds
outside the bell jar. This window is to observe the device mounted in the chamber and
measure the surface temperature of sources with an optical pyrometer.
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The lithium ion and electron sources, which are mounted on space shuttle tile (see
Appendix), are heated by power supplies with proper device and geometry according to
requirements. The characteristics of induced current flows and observable physical
properties are measured and investigated for the purpose of controlling spacecraft
charging. Several diagrams of these chamber interiors will be shown in the Figures for
each experimental procedure.
C. POWER SUPPLY
We used four kinds of power supplies to heat the sources. Two HP 6030A DC
power supplies which have a maximum output of 1000 W (0-200 V, 0-17 A) were used.
They were used to heat the lithium ion sources. The electron source needed a current
of more than the maximum value of 17 A for heating up to the normal operating tem-
perature. The problem was solved by connecting both in parallel to get sufficient cur-
rent.
A Sorensen DCR 300-3B (0-300 V, 0-3 A) was used to bias the grid for collecting
an induced current, or to be biased the screen copper mesh.
Several smaller supplies were also used.
D. MEASURING INSTRUMENTATION
Two Varian Type 0531 thermocouples were used to measure the pressure in the
rough vacuum range, and Varian 880RS vacuum ionization gauge was used to measure
the high vacuum pressure.
Two kinds of Keithley (195A, 196 DMM) digital multimeters and Fluke (handheld
75, 85) multimeters were used to measure the ion or electron currents in the system, and
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to read the bias. A Keithley 230 programmable voltage source was available to set bias
voltages to various elements of the system.
The temperature of the sources was measured with a Leeds & Northrup optical
pyrometer. The measured values represent the surface temperature of heated sources,
called surface brightness temperature.
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V. EXPERIMENTAL PROCEDURES AND RESULTS
A. SIMULATION OF CHARGED SPACECRAFT WITH 0.6 INCH LITHIUM
ION SOURCE
1. Introduction
Previous research at NPS verified that the lithium ion source can be a possible
device for potential control on a positively charged spacecraft. A lithium ion emitter of
0.25" diameter was used in these initial tests. The emission current was about 2.0 uA
through 200 hours of life time period at an input power of 20 W. It was difficult to
demonstrate the control of differential charging with the small source because of low
current levels. [Ref. 33]
In geosynchronous orbit, the spacecraft potential is approximately + 10 V in
sunlight, with a photoelectron current of about 10 AA. Therefore, an emission current
of 2--10 jA can reduce the spacecraft potential to near zero. This is useful for scientific
satellites, which are platforms for low energy plasma measurement.
As a completion of the previous study, we extended the work with a 0.6" di-
ameter lithium ion source.
2. Simulation of a Positively Charged Spacecraft
We arranged the chamber interior, ? shown in Figure 28. The 0.6 inch lithium
ion source was mounted on space shuttle tile in an 8 inch long by 5 inch diameter
structure allowed simulation of the source mounted on a spacecraft. The screen mesh






Figure 28. Diagram of chamber interior for simulation
and the metal (stainless steel) strips around the source simulate the spacecraft surface.
The front strip is a solid stainless steel plate with a hole for mounting the source at the
center. The other 6 strips are set separately with small gaps between them.
Figure 29 shows the diagram of circuit for simulation of a positively charged
spacecraft. All strips were electrically connected as a surface of spacecraft to be biased
with equal potential. The source and strips were grounded to the base plate. The screen
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Figure 29. Diagram of circuit for simulation: of a positively charged spacecraft.
mesh and strips were biased negatively with respect to the source. Induced Currents
from the source to the screen and strips were measured as a function of bias voltage and
heater power.
Figure 30 (top) shows that the current induced to the screen is linearly pro-
portional to the strip bias voltage varying from -5 V to -100 V. The copper mesh
(screen) surrounded the chamber system, and it was biased with fixed voltages of -100
V and -200 V. The induced current to strips shows a little different behavior, as seen in
Figure 29 (bottom). The strip current was not linearly dependent upon its bias voltage.
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Figure 30. Induced current to the screen (top) and strips (bottom): as a function
of bias voltage (negative) to strips
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Figure 31. Induced current to the screen and strips (log-log scale): as a function
of strip bias voltage.
Figure 31 clearly shows the currents on a log-log scale. The slopes are quite
different. The strip current was apparently space charge limited, since the slope of
-1.7 corresponds to the classical value. The screen current was not as obviously space
charge limited with a slope of 1.0. At the highest bias voltage on strips (-100 V), both
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currents were almost the same value. The maximum current was about 33 jiA at a
heater power of 94 W (11.0 A, 8.55 V) and screen bias voltage of -200 V. The surface
temperature of the source was about 1 100*C, which was almost the upper limit of op-
erating temperature.
Figure 32 shows the ion current induced from the source to the screen and
strips as a function of bias voltage to the screen. The heater power was 94 W (11.0 A,
8.55 V) and temperature was 1110 *C. Screen bias voltages were varied from zero to -200
V and strip bias voltages were fixed at -10 V and -20 V. We measured currents of below
10 1A. The screen mesh was separated by over 15 cm from the source. Therefore, the
low current level is not surprising. The screen current (top) rapidly increased at lower
bias voltages of -50V. The slopes and breakpoint were greater for higher strip bias
voltage.
Figure 32 (bottom) shows the current induced to the strips. The current initially
increases from a value of several AA, then decreases rapidly as the ions move toward the
outer mesh. There was a critical point of current flow between the screen and strips
around -50 V of bias voltage. The applied negative bias voltage to the screen strongly
attracted positive ions to the screen.
Figure 33 shows both currents to the screen and strips and their sum. The sum
of currents increased gradually from about 4 MuA to 9 uA according to the screen bias
voltage. All strips were biased with -20 V constantly. It showed that positive ions from
the source were attracted by the bias voltage, and the total current tended to increase
slowly according to the bias voltage. But, the sum remained reasonably constant. There
might be a slight chamber effect.
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Figure 32. Induced current to the screen (top) and strips (bottom): as a function







3. Simulation of Differential Charging
Figure 34 shows the diagram of circuit to simulate differential charging with the
same geometry used previously. In order to investigate the current induced from the 0.6-
lithium ion source to a differentially charged surface, the front and rear strip should be
at different potentials. The two rear strips were connected electrically, but they were






Screen mesh 10 - 100 V
-100 V 7"
Figure 34. DiagralmI of circuit for simulation of differential charging
We simulated the differential charging with various bias voltages applied to the
isolated front and rear strips. The bias voltages on the front strip were varied from -10
V to -100 V, and -50 V to -250 V for the rear strip. The screen was biased -100 V con-
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stantly through measurements to simulate a net 'positive' spacecraft condition. Figure
35 shows the induced current to the rear strip as a function of its bias voltage with the
heater power of 94 W (11.0 A). The maximum current measured to the rear strip was
21 iAA for the bias voltage of -250 V. We worried about some possible ion current
leakages through the hole around the source, but there was not a noticeable current
leakage. We verified this with a gasket which was durable for the high temperature.
These current levels would be adequate to discharge differentially charged surfaces on
high altitude satellite.
The current to the rear and front strip and their relation is shown in Figure 36.
The current to both strips were strongly related with their bias voltages. The more
(relative) potentials on rear strips, the more (relative) currents induced. We obtained
induced currents of 25 uA and 15 uA to the front and rear strip respectively, when the
screen and both strips were equally biased with -100 V. This was quite a significant re-
sult compared to the 0.25" lithium ion source under the same simulating condition. The
maximum rear strip current was over 20 pA when biased with -200 V.
From these results above, we conclude that the 0.6" lithium ion source could
be a suitable device to control the potential of differentially charged surfaces on
spacecraft in geosynchronous orbit.
B. INVESTIGATION OF ELECTRON SOURCES
1. Tungsten Dispenser Cathode
We mounted the newly designed 31180 tungsten dispenser cathode to examine
the behavior of electron current and its effect on ion current. Figure 37 shows the dia-
gram of chamber interior for operating the ion source in conjunction with electron
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Figure 36. Induced current to the rear and front strips and their relation: as
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Figure 37. Diagram of chamber interior: for operating ion source in conjunction
with tungsten dispenser cathode.
source. The grid for collecting current was mounted between the electron source and
screen mesh with separation of 32 mim from the electron source. The electron source
was installed between the grid and ion source with separation of 7 mm from the ion
source to accelerate positive ions and to overcome space-charge limiting effects.
First, we operated only the electron source to investigate its characteristics.
Figure 38 shows the induced electron current as a function of input power and surface
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Figure 38. Electron current vs. input power and temperature: for tungsten
dispenser cathode.
The electron current varied greatly with time particularly during the initial
source heating. Currents were measured immediately after setting the power because
they quickly decreased. The maximum current was over 200 AA at the temperature of
10800C and power of 56.4 W, as shown in Figure 38, from early tests.
Figure 39 shows the dependence of the current on time. The power was set for
the peak allowable temperature (1080°C), and the grid was biased 100 V positive. The




1.2 tPower: 56.4 W(19.1 A, 2.95 V)
1.1 Temperature: 1080 *C










0 10 20 30 40 50 60 70
Time (min)
Figure 39. Electron current vs. time (saturation): for tungsten dispenser cath-
ode.
We measured a saturation electron current of order 0.35 jiA after 20 minutes.
This is a very small amount of electron current. The saturation current can be consid-
ered as below the needed value for later applications.
Figure 40 shows the electron current as a function of bias voltage on the grid.
Temperature of the source was 1080"C and heater power was 56.4 W. The current was
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Figure 40. Emission characteristics of tungsten dispenser cathode: as a function
of bias voltages on the grid.
These results indicate that this source is not operating in the desired fashion.
The porous tungsten is not properly supplying fresh oxide to the surface. This may be
due to oxygen or other contaminates of the surface, or manufacturing irregularities.
Unfortunately, two of the three, fragile, electron sources purchased for this project were
broken during installation. There was not sufficient time to order more of these special-
ized devices. The staggering amount of power required to heat the source for operating
already makes them nearly useless for our application (space), so this design will not be
pursued further.
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2. Filament Electron Source
As a result of the above problems, a new source was pursued. We prepared a
filament-type electron source from an old ionization gauge. The configuration of this
source is shown in Figure 41. We mounted the filament electron source to investigate
its electron emission characteristics and the effect on ion emission from the 0.6 inch
lithium ion source. The electron source was mounted between the ion source and grid




Figure 41. Filament-type electron source
Figure 43 shows that the emission characteristics of filament-type electron
source as functions of input power and surface brightness temperature. Grid bias volt-
age was fixed at 100 V positive. Power of 10-20 W was needed to reach the temperature
of range 900-1200°C. The electron current increased with power and temperature and
no obvious maximum was reached in the power and temperature range we used. The
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Figure 42. Diagram of chamber interior: for operating ion source with a
filament-type electron source.
electron source performance drifted with time, presumably due to continued cleaning of
the source by the ongoing operations, and other poorly determined factors.
Early on, we measured the time dependence of the electron current, with power
set at 19.6 W, and a temperature of 1150C, as shown in Figure 44. Bias voltage was
fixed at + 100 V on the grid. The current continuously increased with time for 25 min-
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Figure 43. Electron current vs. power and temperature: for filament electron
source.
Figure 45 shows the electron current as a function of the bias voltage on the
grid. The current for high voltage region was not space charge limited with a slope of
0.19. The lower voltage region apparently did exhibit space charge limited current, with
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Figure 44. Current vs. time for filament electron source
C. COMBINED ELECTRON AND ION SOURCE BEHAVIOR
1. Operation of 0.25 Inch Ion Source with Tungsten Dispenser Cathode
In spite of the low electron current provided by the dispenser cathode, exper-
iments were run with it and the 0.25" ion source to see if space-charge effects could be
reduced.
The chamber interior was shown in Figure 37. The electron source was
mounted between the grid and ion source. The distances between them were varied to
try and optimize the coupling (neutralization of space taarge). During the last set of
experiments, the separation between the grid and electron source was 18 mm. The
electron source was separated 3 mm from the ion source.
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Figure 45. Emission characteristics of filament-type electron source: as a func-
tion of bias voltage on the grid.
The two sources were connected to different power supplies, and we could heat
the sources independently. We first measured the ion and electron currents separately.
We then measured the positive ion current with the electron source on. Figure 46 shows
the behavior of induced ion current as a function of bias voltages on the grid which were
varied from -10 V to -200 V. Input powers of the heater for the ion and electron sources
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were 23 W (2.55 A, 9.10 V) and 61 W (19.10 A, 3.20 V) respectively. The temperatures
of ion and electron sources were 1150°C and 1120°C.
The ion current was slightly increased by operation of the tungsten dispenser
cathode. The space charge limited region of ion current was not largely improved by this
type of electron source. The average increase in current was approximately 50 %. We
could get a maximum ion current of 5.6 pA with the aid of the tungsten dispenser cath-
ode.
Figure 47 shows the behavior of the electron current when the ion source was
operated. We measured the electron current with the ion source on, and then shut off
the power to the ion source. The electron current decreased slowly with time.
We concluded that ion current could be increased by operation of a tungsten
dispenser cathode, but the effect was not large.
2. Operation of 0.6 Inch Ion Source with Filament Electron Source
We investigated the emission characteristics of the filament-type electron
source. The electron current showed this type source could largely be effected on the ion
current. Figure 42 showed that the chamber interior to operate the 0.6" ion source in
conjunction with the filament electron source. We first measured the ion and electron
currents separately. Then, we tried to observe the relation and effects. The electron
current and neutralized ion current were time varying. To reduce these effects the
sources were switched on, and allowed to operate at I 100°C for -4 hours before running
tests. Special attention was to given the region of space charge limited current collection,
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Figure 46. Ion current with tungsten dispenser cathode: as a function of bias
voltage on the grid.
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Figure 47. Electron current affected by ion source with time: as a function of
positive bias voltage on the grid.
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Figure 48. Behavior of cyclic electron currents: with varying ion emission and
time.
Figure 4S shows the behavior of electron currents while varying the electron
source (temperature). The grid bias voltage was fixed at 5 V positive for these tests.
The electron source wa-; fixed at the temperature of I 100°C (4.2 A, 4.6 V). We applied
the input power for the ion source cyclically (9 A, 10 A, I I A, 10 A, 9 A). These input
currents corresponded to temperatures of the ion emitter of about 950, 1000, and
1 100'C respectively. The electron current was effectcd by the ion source. We measured
large currents for high temperature of the ion source, and small currents for low. The
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Figure 49. Electron current with varying ion emission and time
Figure 49 shows the electron currents for 3 cases. The electron current was
space charge limited at low bias voltages (<50V). The space-charge limited electron
current was improved by ion emission at the b-as voltage of + 5 V.
We measured the ion currents with varying electron emission currents, as
shown in Figure 50. The 0.6" lithium ion source was fixed at the temperature of
II 10°C ( 11.0 A, 8.45 V). The input power for heating the electron source was cyclically
varied with 3.0, 3.7, and 4.2 A. These input currents corresponded, to filament temper-
atures of 900, 1000, 1150°C respectively. The grid bias voltages were fixed at -5 V and
-10 V.
Figure 50 shows that the ion current increased with the aid of the filament
electron emission. We measured a large current (0.6-1.0/uA) for high potential (-10 V),
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Figure 50. Ion current with varying electron emission and time
and small (0.3-0.6 MA) for low potential (-5 V). The currents at -10 V bias were much
easier to measure, and less erratic.
Figure 51 shows that the ion current from 0.6' ion source with and without the
filament electron source heating as a function of bias voltages on the grid. The input
powers for the ion and electron sources were 94.6 W (11.00 A, 8.60 V) and 17.0 W (3.90
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Figure 5 1. Ion current in conjunction with filamnent electron source: as a function
of bias voltage on the grid.
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greatly increased for the lower potential region (<50P). The average increase in current
for this region was about 4 times of original value (376 %). For higher extraction po-
tential region, the ion current not greatly affected (40 % for 50-100 V, 20 % for
100-200 V). We measured the maximum induced current of 19 jiA with the aid of the
filament electron source at the bias voltage of -200 V and temperature of 1 100°C.
We measured the ion current with the filament electron source heating for the
region of low extraction potentials of 0-20 V, as shown in Figure 52. The ion current
was approximately space charge limited at the lower voltages. A large level of ion cur-
rent was induced by the neutralization with electrons from the filament-type electron
source. The average increase in current for this region was 523 %. A typical increase
was 400 % at 10 V.
We concluded that the ion current from the 0.6" lithium ion source was in-
creased by operation of the filament-type electron source. The electron source overcame
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Figure 52. Ion current for the space charge limited region: in conjunction with
the filament electron source as a function of bias voltage on the grid.
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VI. SUMMARY AND DISCUSSION
The objective of this experiments was to verify that the lithium ion source can be
used for spacecraft charge control. We simulated a positively charged spacecraft and
differential charging with a 0.6 inch lithium ion source. The emission currents of 0.6 inch
ion source were measured under various condition with various geometries. The
tungsten dispenser cathode and filament electron source were operated with the ion
source to overcome space-charge limiting effects. The properties of the ion currents in
conjunction with these electron sources were investigated.
A. SUMMARY OF RESULTS
1. Simulation of Charged Spacecraft
The copper mesh simulates the sheath of plasma in space, and the metal strips
around the source simulate the spacecraft surface. All strips were electrically connected
as a surface of a positively charged spacecraft to be biased with equal potential. Induced
currents from the source to the screen and strips were measured as functions of input
power, temperature, and various conditions of bias voltage. The induced strip current
was about 33 AA at a power of 94 W (ll00°C) and strip bias voltage of -100 V. The
screen bias voltage was -200 V.
We simulated differential charging with the same source and geometry. The
front and two rear strips were electrically disconnected and differentially charged with
various potentials. The maximum current measured to the rear strip was 21 pA for the
bias voltage of -250 V. We obtained induced currents of 25 pA and 15 pA to the front
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and rear strip respectively, when the screen and both strips were equally biased with -100
V. The currents induced to the front and rear strips were strongly related with their
magnitude of bias voltages.
2. Combined Ion and Electron Source Behavior
a. 0.25 inch ion source and tungsten dispenser cathode
The electron source was mounted between the current collecting grid and
ion source to accelerate the positive ions (neutralization of space charge). We first in-
vestigated the emission characteristics of the tungsten dispenser cathode. We measured
saturation electron currents of order 0.35 A from the tungsten dispenser cathode. The
electron current, as a function of bias voltage on the grid, was not obviously space
charge limited with a slope of 0.23.
The tungsten dispenser cathode was coupled with 0.25 inch lithium ion
source for neutralizating the ions between the grid and emitting surface of the ion
source. The average increase in ion current was approximately 50 %, but the space
charge limited current was effectively not overcome by this electron source. The input
power was 61 W (19.10 A, 3.20 V) and the temperature of the electron source was
1120 0C.
b. 0.6 inch ion source and filament electron source
The filament-type electron source from an old ionization gauge was inves-
tigated with the 0.6 inch lithium ion source. Low powers of 10-20 W were needed to
reach the temperature of range 900-1200 *C. The lower voltage region (:<50 V) did
exhibit space charge limited current, approximately, with a slope of 1.10. The electron
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current was increased by ion emission at the bias voltage of + 5 V which was in its space
charge limited potential region.
The ion currents from the 0.6 inch ion source were greatly increased by the
operation of the filament electron source. The average increase in current for the region
(0-20 V) of space charge limited potentials was 523 % (376 % for 0-50 V). We meas-
ured a maximum'current of 19 AA at the bias voltage of -200 V. The filament electron
source showed a large effect on the ion currents in the space charge limited regime.
B. DISCUSSION OF RESULTS
The simulation of positively charged spacecraft and differential charging were suc-
cessfully conducted with the 0.6 inch lithium ion source in a simple geometry. We ob-
tained sufficient ion currents to modify the floating potential of a spacecraft in
geosynchronous orbit. The ion current was sufficient to reduce the charge on
differentially charged surfaces of geosynchronous satellites. The characteristics of cur-
rent vs. voltage showed that the ion source satisfied the Child-Langmuir law only at low
currents.
A tungsten dispenser cathode was designed for this project. This electron source
did not show appropriate enussion properties. The effects on the ion production of the
0.25 inch lithium source were contrary to our hopes. The electron source needed a large
input power (of oraer 60 W) for a surface brightness temperature of 1 100°C.
We obtained better results from a filament electron source. This electron source
needed less power ('L~-20 W). Operation of the filament source with the 0.6" lithium
source did show favorable effects on ion emission. Even with the electron source on,
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however, relatively low currents were produced at 10-20 V extraction potentials, e.g.,
currents of order 1 A.
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VII. CONCLUSIONS
A simulation using the lithium ion source and investigation of the currents from the
ion sources in conjunction with the electron sources were successfully conducted in a
small bell jar vacuum system.
The tungsten dispenser cathode required too much power to be used in space and
did not produce sufficient currents. It was too fragile and may have been contaminated
during the experiment. The tungsten dispenser cathode was not a good design for this
purpose.
The filament electron source demonstrated neutralization of spacecraft charging in
conjunction with the 0.6" lithium ion source. However, the current was still not high
enough to control spacecraft charging with the low extraction voltage required in space.
This means that naturally occuring space electric fields will not be sufficient to extract
currents at the 10 AA level. Some sort of lens structure will be needed to produce a low
energy ion beams, which can then be used for charge control on satellites. Flight ex-
periments are recommended in the future to test this technology.
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APPENDIX SPACE SHUTTLE TILE CHARACTERISTICS
When NASA's space shuttle orbiters re-enter earth's atmosphere from space, they
will encounter temperatures as high as 2300°F. To protect the orbiters and their pas-
sengers from such temperatures, Lockheed Missiles & Space Company has developed a
high-purity silica fiber insulation that sheds heat quickly.
They manufactured in two forms; LI-900 (9 :bs per cubic foot) and LI-2200 (22 lbs
per cubic foot). The basic raw material for LI-900 and LI-2200 is a short-staple, 99.7%
pure amorphous silica fiber that is derived from common sand. A slurry containing fi-
bers mixed with water is frame cast to form soft, porous blocks to which a colloidal silica
binder solution is added. When dried and sintered, a rigid block of LI-900 is produced.
Coatings of silica frit are baked on in 15 mm thickness. Tiles for high temperature (up
to 23000°F) use a black Class 2 reaction-cured boro-silicate glass coating (RCG). For
lower temperature use at 750-1200°F on upper surface, a white Class I silica compound
is used with shining alumina oxide. The data sheet for LI-900, which used in our exper-
iment, is attached at following pages. [Ref. 341
SB
Lockheed Missiles & Space Co., Inc. developed 9 High Diffusivity. LI-900 contains over 90 percent
LI-900 as a unique new rigid insulation material for voids by volume and offers minimal resistance to
the Space Shuttle Thermal Protection System. When the passage of gases during pressure
protected by a black reaction cured glass (RCG) equalization.
coating. LI-900 tiles attached to the underside of the
space shuttle can withstand the searing heat of 100 Li-900 is a cast material with anisotropic properties.
reentry cycles without damage.. The coating reradi- The higher mechanical properties are in the in-plane
ates approximately 90 percent of the heat generated direction, whereas the high "insulation" (or lower
during each reentry back into deep space or the thermal conductivity) properties are In the through-
upper atmosphere. The tile Insulation material ab- the-thickness direction.
sorbs the remaining energy, preventing the alumi- RF characteristics and mechanical properties at
num surface of the orbiter from exceeding 3500F. room temperature and thermophysical properties
over a range of temperatures are shown in Tables 1Summarized below ale the principal properties of truh3 ehnclpoete eanrltvl
LI-900: the values cited were obtained in connection through 3. Mechanical properties remain relatively
Li-th the vautlued re oconstant up to 16000F. where a gradual reduction in
with the Shuttle Program. strength begins. Mechanical properties at cryogenic
e Low Conductivity. LI-900 conductivity at 500OF temperatures are generally somewhat higher than
13 only 0.52 BTU-in./ft 2 -hr-°F, compared to a room temperature properties. The room temperature
value of 0.30 BTU-in./f2-hr-F for still air. standard deviation for tensile strength, based on ap-
proximately 2.000 tests, is 5 psi In the through-
the-thickness direction and 10 psi in thb in-plane
" Low Density. LI-900 has a density of only 9 lb per direction.
cubic foot.
Table 1 REPRESENTATIVE RF CHARACTERISTICS
" Purity. LI-900 is 99.7 percent pure S10 2. It has no AT 10 GHz (ROOM TEMPERATURE)
organic constituents that will outgas to contami-
nate parts or equipment. DIELECTRIC LOSS
CONSTANT TANGENT
" Long Life In Cyclic Applications to 2300"F.
LI-900 does not degrade with cyclic exposure to
23000F. It can withstand limited exposure to LI-900 1.13 0.0004
26500F. RCG Coating 4.80 0.0030
" Rigidity. LI-900 can maintain shape and support
light mechanical loads while providing thermal Table 2 TYPICAL LI-90O MECHANICAL
Insulation. PROPERTIES AT ROOM TEMPERATURE
" Consistency of Product. Processed to exacting VALUE
specifications, all LI-900 material meets minimum DIRECTION PROPERTY (psi)
strength and conductivity requirements. In-Plans Tensile 68
" Dimensional Stability to 2300*F. LI-900 has an Strength
extremely low coefficient of thermal expansion Tensile 25000
(3.2 X 10 " in./In./°F from 0 to 2000F). Modulus of
" Unusual Thermal Shock Resistance. Because of Elasticity
Its low coefficient of thermal expansion, LI-900 Compressive 70
heated to 2300*F can be immediately immersed Strength
in cold water without damage.




" Nonflammable. LI-900 does not burn; the material Modulus of
softens above 2500°F and melts at about 31 OOF. Elasticity
" Low Dielectric Constant. The relative (to Compressive 28
vacuum) dielectric constant for LI-900 Is less Strength
than 1.1 5 over the temperature range to 21 OOF. I
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Table 3 TYPICAL LI-900 LI-900 can be easily cut with a band saw or
THERMOPHYSICAL PROPERTIES machined. Machining must be performed with
diamond-tipped tools because the hardness of the
TNRt0u-T__E.TNICNE3? fibers in the material quickly dulls conventional tool
THERALCOUCTMT cutters.
MEN IETU.INiFl -".nR-2 THERMAL3N utes
TEMPERATURE SPECIFIC MEAT EXPANSION






-20 006 0.06 0.1o 0.24 0.26 o.oo 0 .. 10" Table 5 TYPICAL RCG COATING
-iso 007 010 0.20 0.20 030 0.106 -0.lX0, THERMOPHYSICALPROPERTIES
0 0.0 0.12 0.22 0.30 0.33 0.160 -0.1910K 4
250 0.11 0.i 0.2 1 0.36 041 0.210 X4 I0,
a0 015 0.20 0.33 0.48 032 0.252 1.4X,10 TEMPERATURE
7so 02 0.26 0.36 0.6 0.54 0.275 2.2 X 10R(F)
1000 0.26 0.33 047 0.72 019 0.26 3.4X10
4  PROPERTY VALUE RANGE
1260 0.37 0.42 0.5 0.67 064 0.294 4.4K, _
4
Is0 050 0.55 0.74 1.05 1.13 0.300 5.0 1
.4
1700 0.64 0.70 0.8 1.22 1.31 0.302 S I 0
4
2000 0.65 0.04 1.13 1.52 1. 0 :2K1o4  Coefficient 0.57 70to 1500
2300 I.0 1.23 1.3 .& 2.00 o.o - of Thermal 0.56 70to-100
-_Expansion 0.46 70 to -200
NOTE; TOUECESAE: (1 0"6 in./In.*F) 0.41 70 to -250
I. THERMAL CONOUCTIVITV -1%OR 2004. WHI4CHEVER ISGREATER
2. SPECIFIC HEAT X 10% OR 2 002. WNIC.EV IS GREATER
3. TKERMALEXPAN10NSt2%ORS=O3X10 WNIHEVERISGREATER Thickness (in.) 0.014
For the Space Shuttle , LI-900 is provided with hard
borosilicate glass coatings on the outer surface.
These coatings increase Inaterial durability and Table 6 TYPICAL COATING MECHANICAL
resist rain impingement, fluid contamination, sand PROPERTIES AT ROOM TEMPERATURE
and dust impingement, fungus and ozone exposure,
salt spray exposure, and handling damage. The coat-
Ings also control optical properties such as emit- PROPERTY (psI)tance and solar absorptance. Typical optical, (pal)
thermophysical, and mechanical properties for the
coatings currently in use on the shuttle orbiter tiles Tensile Strength 4000
are given In Tables 4 through 6. Class 1 (white) coat-
ing is used on the upper surfaces of the orbiter, Tensile Modulus of 4,000,000
while RCG (black) coating is used on the bottom Elasticity
surfaces.
Compressive Strength 10000
Table 4 TYPICAL COATING
OPTICAL PROPERTIES
TEMPERATURE
COATING PROPERTY VALUE RANGE (F)
Class I E 0.82 -170to75
(to 1200"F) Tt 0.74 750 Lockheed currently produces LI-900 solely for the
0.70 1000 Space Shuttle program using Government-owned
0.66 1200C S/E T. 0.35 -170 to 138 facilities and equipment. Use of these facilities to
supply other applications is subject to Government
concurrence.
RCG 4E 0.1 -170 to 2300(to 2300F) TH
0.9 to 1.1 -170 to 250
Lockheed Missiles and Space Company
NOTES: 6 TH - Total hemsphorical ttoO. Box 3504Sunnyvale, California 94088-3504
CCls - Solar abso.itance (408) 742-4653, 756-7790
NcO - Reaction Cured Gla.. January 1987
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